Acceleration of electrons using laser-driven dielectric microstructures is a promising technology for the miniaturization of particle accelerators. Achieving the desired GV m −1 accelerating gradients is possible only with laser pulse durations shorter than ∼1 ps. In this Letter, we present the first demonstration of acceleration of relativistic electrons at a dielectric microstructure driven by femtosecond duration laser pulses. Using this technique, an electron accelerating gradient of 690 ± 100 MV m −1 was measured -a record for dielectric laser accelerators. One promising approach is to pair a dielectric laser-driven accelerator (DLA) with an optical fiber laser as a scalable electromagnetic power source [3].
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Increasing the accelerating gradient of electron linear accelerators (linacs) by several orders of magnitude would revolutionize their use by dramatically reducing their size. Present compact radio-frequency (rf) free-electron lasers (FELs) operate with an accelerating gradient of 35 MV m −1 over a site length of ∼1 km [1] . Desired future FELs of table-top dimensions (∼10 m) require accelerating gradients orders of magnitude higher [2] . One promising approach is to pair a dielectric laser-driven accelerator (DLA) with an optical fiber laser as a scalable electromagnetic power source [3] .
Recently, acceleration of relativistic electrons using dielectric grating microstructures has been observed with accelerating gradients of several hundred MV m −1 [4] . However, simulations indicate that these microstructures should be capable of several GV m −1 accelerating gradients [5] [6] [7] [8] [9] [10] . Motivated by observations of a plateau in damage fluence of dielectric materials for laser pulse durations below ∼1 ps [11] , achieving these high gradients without damaging the structure is enabled through the use of short (femtosecond) laser pulses. This has been demonstrated recently with very-low energy electrons [12] [13] [14] . In this Letter, we have demonstrated the technique at relativistic electron energy scales, which is ultimately the energy regime these structures need to operate at for most particle accelerator applications.
A consequence of the Lawson-Woodward theorem is that free charged particles are not accelerated by a free-space electromagnetic wave [15] . This can be mitigated by modulating the laser wavefront phase in the presence of a periodic structure boundary. Over one or more periods of the DLA microstructure, this results in electron acceleration [16] . The dielectric microstructure used in this experiment is a 'phase-reset' grating accelerator structure illustrated in Fig. 1 [6] . Structure dimensions are similar to the geometry used in previous work [4, 17] . The structure period Λ is set by the criterion for synchronicity with the accelerating mode given by Λ = βλ, where λ is the laser wavelength and β = v/c ≈ 1, where v is the electron velocity, and c is the speed of light [18] . Fused silica (SiO 2 ) was selected as the substrate material, owing to its high laser damage threshold fluence of 2.0 J cm −2 at a laser wavelength of λ = 800 nm under vacuum [20] . For a laser pulse length of τ = 90 fs, this fluence corresponds to an incident electric field of E inc = 13 GV m −1 . The pillar heights of this non-resonant structure are dimensioned to modulate the phase of a linearly polarized laser field by π. Given the index of refraction of amorphous fused silica is n = 1.5 at the laser wavelength of λ = 800 nm [21] , the pillar height is optimized at 900 nm, however the lithography process used limited the fabricated pillar height to 701 ± 10 nm, which was used with a 12% reduction in accelerating gradient [22] . The dielectric accelerator used has an electron beam gap of g = 400 nm.
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The laser used was a Ti:sapphire fs regenerative amplifier, seeded by a mode-locked laser oscillator centered at λ = 800 nm. The temporal amplitude envelope of the laser pulse ( Fig. 2) was measured using the frequency-resolved optical gating (FROG) technique [23] . The measured duration of the laser pulse intensity envelope was τ i = 64 Measured temporal amplitude envelope of the laser pulse, scaled to a peak field of 1 GV m −1 . This was measured using the FROG technique [23, 24] , with uncertainties determined using the bootstrap statistical method [25] .
As illustrated in Fig. 1 , the structure was illuminated asymmetrically from one side with a single laser beam. The laser wavevector ⃗ k was aligned perpendicular to the microstructure by back-propagating the reflection off the top surface of the DLA. The Gaussian beam radii of the laser beam intensity (1/e 2 ) at the DLA were measured using a CMOS camera as w lx = 101 ± 5 µm, w lz = 480 ± 10 µm, corresponding to an rms electric field distribution of σ lx = 71 ± 4 µm, σ lz = 339 ± 7 µm. The laser pulse energy was measured as U = 128 ± 13 µJ. This corresponds to a peak laser fluence of F = 0.17 ± 0.02 J cm −2 , or electric field of E inc = 3.8
A beam of electrons was accelerated to energy ϵ 0 = 60 MeV by a linear accelerator [26] . Using high-gradient permanent magnet quadrupoles, the electron beam was focused to a waist at the DLA structure. The transverse size of the electron beam was measured using knife edge scans in the horizontal and vertical dimensions at the position of the DLA as σ ex = 28 ± 3 µm,
Downstream of the DLA, the electron beam was dispersed in energy by a point-to-point focusing spectrometer magnet, as depicted in Fig. 1(g) . The electron beam energy distribution was observed on a Lanex phosphor screen imaged by an intensified CCD camera. This distribution was composed of a small population of electrons transmitted ballistically through the g = 400 nm gap of the DLA channel, and electrons straggling the fused silica substrate and grating pillars with a mean energy loss of 300 keV [19] . Figure 3 shows the measured energy modulation of electrons transmitted through the DLA. Fig. 3 . Measured, fitted and simulated electron beam energy distribution, with the laser off and on. These spectra are a single pair of events corresponding to the highest observed acceleration gradient. With the laser on, electrons are accelerated and decelerated, broadening the energy distribution. Electrons straggled through the fused silica substrate and grating pillars (not shown) were observed with a mean energy loss of 300 keV.
The measured electron beam energy spectrum was interpreted using an analytical model of the DLA and particle-incell simulations. In conventional rf accelerators, the electron bunch length is typically much shorter than the wavelength of the accelerating electric field and all electrons in the bunch are accelerated. However since the electron bunch length used in the present experiment (∼170 fs) is much longer than the laser optical cycle (λ/c = 2.7 fs), electrons experience acceleration or deceleration corresponding to the sinusoidal phase of the incident laser field. Modulation of the electron beam energy spectrum is a result of the injected electron beam phase space, not the DLA microstructure: net acceleration of electrons would be observed if the electron beam were microbunched, for example as demonstrated by an inverse free-electron laser [27] .
For the analytical model, the measured laser-off energy spectrum is fitted and subsequently modulated sinusoidally in energy with amplitude ∆ϵ, and optical phase ψ [4] . This is illustrated in Fig. 4 , showing a Lorentzian energy distribution F(ϵ − ϵ 0 ) of an electron bunch significantly longer than the laser optical cycle.
The peak accelerating gradient was determined from the ratio of the measured energy gain ∆ϵ to the energy gain from the measured laser pulse temporal distribution, ∆ϵ 1 , which would yield a peak accelerating gradient of 1 GV m −1 . The half-width at half-maximum (HWHM, Γ/2) of the measured electron beam energy distribution with the laser on in Fig. 3 was Γ/2 = 33.8 ± 1.3 keV. From our analytical model, this corresponds to a maximum energy gain of ∆ϵ = 24.0 ± 1.1 keV. For the laser electric field temporal profile illustrated in Fig. 2 , this corresponds to an accelerating gradient G = (
In addition, a complete, self-consistent simulation of the experiment was performed using the high-performance particlein-cell code VSIM using the VORPAL engine [28, 29] . To account for energy loss and straggling of electrons passing through the fused silica material, two effects were included: bremsstrahlung (using cross-sections tabulated in Ref. [30] ) and ionization losses (using the Landau form [31] ). Measured values of the laser parameters were used to simulate the laser pulse. Figure 3 shows the simulated beam energy spectra with the laser off and on. The analytical model was fitted to the laseron simulation with an energy gain of ∆ϵ = 29.0 ± 1.0 keV, corresponding to a gradient G = 830 ± 120 MV m −1 . Since these time-domain simulations do not include nonlinear material or multi-photon physics, the agreement between simulation and experiment is further confirmation that the microstructure device is operating in the linear regime. The discrepancy between the measured and simulated laser-on accelerating gradients is of the same order as experimental uncertainty, and is consistent with misalignments from ideal geometry [4, 12, 13] .
The measured energy modulation also showed a strong cross correlation between the laser arrival time and electron bunch arrival time, as illustrated in Fig. 5 . Using a variable delay stage, the laser pulse arrival time was scanned over a range of several picoseconds about the interaction, observing the energy distribution with the laser off and on. The uncertainty in the measured gradient is comparable to the noise floor of 170 MV m −1 in the arrival time scan. The Gaussian distribution fitted to the laser on distribution has an rms width of σ τ = 2.0 ± 0.2 ps. This agrees within uncertainty with the expected cross correlation rms width of σ t = 1.7 ± 0.3 ps resulting from the rms longitudinal laser spot size of σ lz = 339 ± 7 µm, laser pulse FWHM duration τ = 90 +16 −9 fs and rms jitter in laser seed synchronization of 480 fs [32] . The major finding of this work was the experimental demonstration that a DLA can be operated in the femtosecond laser pulse regime to provide significant enhancement of accelerating gradient. Using laser pulses compressed to τ = 90 +16 −9 fs duration, the accelerating gradient was significantly increased when compared with a previous experiment using relativistic electrons [4] . The acceleration factor f = (nG) / (ηE inc ), where η is the ratio of the maximum field in the structure to the incident field, can be used to compare the observed accelerating gradient with simulations [6, 22] . Given that in this experiment E inc = 3.8
t (ps)
Γ/2 (keV) −10 −5 0 5 10 20 30 40 On: meas On: fit Off: meas Off: fit Noise floor G (GV m
+0.4
−0.7 GV m −1 , for simulations of this structure η = 2.6 [22] , the measured value of the acceleration factor f meas = 0.11 ± 0.03 is in agreement with finite-difference timedomain simulations of this DLA structure f sim = 0.11 ± 0.02 [22] .
Compared with a previous experiment, the maximum energy gain is reduced, commensurate with the reduction in laser pulse duration [4] . Assuming Gaussian pulse temporal and spatial distributions, in the frame moving with the electron the accelerating gradient is given by [33] :
For parameters of Ref. [4] , the interaction length w int = 280 µm, while for the present experiment w int = 16.3 µm. The principal difference is the laser pulse duration τ i . The reduction in w int for the present experiment results in a correspondingly lower final energy gain ∆ϵ. Using pulse-front tilt, operation of a DLA in this short-pulse, high-gradient regime could be extended over a greater laser-electron interaction. For relativistic electron beams (v ≈ c), a pulse front-tilt of 45 • could be used to match the laser electric field distribution to the electron beam group velocity [6] . The effect of a 1% wavelength chirp misalignment along the laser pulse is considered. As demonstrated through the radiative inverse process, this DLA has a 14 nm rms bandpass [20] . Hence the change in instantaneous drive wavelength has a negligible effect on the excitation of the structure. However, chirp introduces a time-dependent phase, such that the field is no longer synchronous with the electron velocity. Consider the electric field represented by:
where τ = 90 fs, and R denotes the real component. Integrating over a pulse with peak incident field E 0 = 690 MV m −1 , without chirp (b = 0) the maximum acceleration of an electron is ∆ϵ = 34.5 keV, and for the chirped pulse (b = 2.78), ∆ϵ = 23.0 keV: the observed energy change is reduced. However, chirped structures may be beneficial to continuous acceleration of non-relativistic electrons, as demonstrated in a recent experiment [34] . The present work has not reached the electric field breakdown limit of the structure fabricated from this material. After the conclusion of the experiment, the DLA was inspected and no damage to the structure was observed. The maximum accelerating gradient observed in the present study was limited by the available laser pulse energy. Future experiments operating with higher laser fluence may achieve higher accelerating gradients.
In conclusion, the present work has demonstrated a DLA microstructure accelerating relativistic electrons with a gradient of G = 690 ± 100 MV m −1 . The present result was achieved using femtosecond scale laser pulses. Future experiments employing pulse-front tilt will extend this high gradient interaction and consequently the total energy gain of the electron beam.
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